Recent studies in this laboratory of the role of the small, noncatalytic subunit of RUBISCOC (EC 4.1.1.39) involved the removal ofS from the native, hexadecameric (Lg8) enzyme from a cyanobacterium by mild-acid precipitation (1-4). A rapid and sensitive method was required for measuring the L and S contents of native, S-depleted and isolated S preparations accurately and reliably.
a cyanobacterium by mild-acid precipitation (1) (2) (3) (4) . A rapid and sensitive method was required for measuring the L and S contents of native, S-depleted and isolated S preparations accurately and reliably.
Initially, estimates of S/L ratios were obtained using PAGE of the SDS-dissociated protomers, followed by densitometry of the Coomassie Blue-stained bands (1, 16) . While this method was adequately sensitive and reasonably rapid, subsequent studies revealed that it was not reliably quantitative, sometimes underestimating S grossly (3) . Indeed, this deficiency initially obscured the direct relationship between S content and catalytic activity (1, 3) and it also may have contributed to earlier confusion about the existence of S in some prokaryotic RUBISCOs (e.g. 5, 11, 14, 15) .
Here we describe in detail a technique, based on separation of the dissociated subunits by HP-gel filtration in the presence of SDS (9), which we have used in out recent studies (3, 4 30 pig protein, were added to 1 volume of a solution containing 10% (w/v) SDS and 10% (v/v) 2-mercaptoethanol and the heated at 100°C for 2 min in a Parafilm-sealed vial and quickly cooled. These samples were then either used directly or diluted with 9 volumes of elution buffer, lacking SDS, immediately before chromatography. This dilution;was necessary in order to match the concentration of SDS in the applied sample with that of the elution buffer. Otherwise a small spurious peak occurred in the chromatogram with a similar elution volume to S. When such dilution could not be carried out because the samples were very dilute or because a small sample volume was required for maximum resolution, it was necessary to subtract the area ofthis peak, measured in a corresponding reagent blank not containing protein, from the area of the S peak. Diluted samples could not be stored. After a few hours they yielded complex chromatograms, presumably due to slow loss of SDS from the dissociated subunits or sullhydryl oxidation, followed by aggregation. Sample volumes of up to 200 id were routinely injected. Resolution was reduced, but still adequate, with 400-1u injections.
Chromatography. Ultropac TSK-G 2000 SW or TSK-G 3000 SW columns (7.5 x 600 mm) were used in conjunction with a TSK-GSWP precolumn (LKB-Produkter, Bromma, Sweden). Various combinations ofHPLC pumps, injectors, UV detectors, and integrators supplied by Spectra-Physics, Waters and LKB were used satisfactorily during the course ofthese studies. Elution buffer was 20 mm Na phosphate, pH 6.8, containing 100 mM Na2SO4 and 0.1% (w/v) SDS. It was degassed and filtered by passing it through a 0.22-;tm membrane filter under reduced pressure. Buffer flow rate through the column was 1 ml min-', causing an inlet pressure ofup to 2.8 MPa. Chromatography was carried out at room temperature (22-25°C).
Mol Wt Calibration. This was effected by chromatographing a mixture of proteins of known subunit mol wt. Prepackaged QUANTITATION OF RIBULOSE BISPHOSPHATE CARBOXYLASE SUBUNITS mixtures of standard proteins with subunit mol wt in the range of 10,000 to 100,000, such as those marketed for mol wt estimations by SDS-gel electrophoresis (e.g. Pharmacia low mol wt kit), proved quite suitable. RESULTS HP-gel filtration of SDS-dissociated RUBISCO subunits yielded chromatograms in which the L and S peaks were widely separated (Fig. la) . When the TSK-G 2000 SW column was used, L eluted at the void volume but the TSK-G 3000 SW column was capable of resolving a very small void-volume peak from the slightly retarded L peak (Fig. 1, a and b) . The former presumably comprised traces of denatured, aggregated material. Low mol wt peaks eluting after 20 min resulted from components of the sample buffer such as EDTA, acetate and, in particular, 2-mercaptoethanol. Chromatography of a mild acid-precipitated preparation readily revealed the depletion ofS (Fig. lb) , the latter being recovered in the supernatant (Fig. Ic) .
The method produced linear calibration plots over the range 0 to 21 ug of total protein (Fig. 2) . No attempt was made to determine the upper limit of linearity of such plots. Since the height of the largest peak in this calibration was <0.2 A units at 210 nm, it is probable that much larger amounts could be measured. The minimum detectable peak resulted from about 0.25 pg of subunit. At 280 nm, sensitivity was reduced about 20-fold. For the native Synechococcus enzyme, the ratio of peak areas, S/L, at 210 nm using a Spectra-Physics variable-wave- This HP-gel filtration procedure may also be used to estimate the mol wt of the subunits. Semilog plots of mol wt of standard proteins versus elution volume were linear (r > 0.995). The elution volumes of both subunits were quite reproducible. For a series of over 30 injections of Synechococcus RUBISCO over a 4-month period, they were 13.85 ± 0.17 (SD) ml for L and 18.85 ± 0.09 (SD) ml for S. The estimated subunit mol wt were similar for RUBISCOs from Synechococcus, Prochloron, and spinach, being 56,000 to 57,000 for L and 14,000 for S.
DISCUSSION
The quantitative variability encountered when SDS-gel electrophoresis was used to measure subunit ratios seemed to be related to the staining-destaining process. In particular, the 'end point' ofdestaining was quite subjective and over-destaining had a proportionally greater effect on the less intense S band. This was probably not due to leaching of the subunit-dye complex from the gels, which were routinely fixed with TCA before staining (1); rather some dye must have been progressively lost from the protein-dye complex during destaining. Scanning of fixed, but unstained, gels at 280 nm gave reproducible results but sensitivity was poor (data not shown).
The HP-gel filtration procedure described here is very sensitive. Indeed, it rivals the sensitivity ofFolin-Lowry (7) or dye-binding (6) protein assay methods. It is simple and quick to perform and has a linear calibration (Fig. 2) . Thus, it is convenient to use for routine quantitation of total RUBISCO protein, as well as its subunit ratio, once calibration has been effected by replicate injections of a solution of purified, native RUBISCO whose absorbance at 280 nm is known. Frequency of calibration is dictated only by the stability characteristics of the particular UV detector being used.
The S/L peak-area ratios for Synechococcus and Prochloron RUBISCOs were close to the ratios between the mol wt of their subunits. Therefore, the mass extinction coefficients of the two subunits may be assumed to be equal and calibration effected on 
